We report the demonstration of an optically activated shutter based upon a short-pitch chiral nematic liquid crystal (LC) device sandwiched between crossed polarizers. This LC is comprised of photoactive chiral dopants. In the trans-state, the LC appears dark between crossed polarizers due to the very short pitch. As the pitch is extended through exposure to ultraviolet light, the device becomes transmissive reaching a maximum for a particular value of the pitch. As a result, it is possible to switch between the light and dark states by subjecting the device to visible light so as to cause a cis-trans photo-isomerisation. For some years, there has been interest in using chiral nematic liquid crystals (LC) as notch filters, [1] [2] [3] tunable color reflectors, 4, 5 and light shutters. [6] [7] [8] The common feature is that they exploit the well-known 9 selective reflection that is observed in chiral nematics. One of the benefits of using chiral nematic LCs is that the reflection band can be "tuned" by subjecting the LC to a range of external stimuli. An active area of research is to use light to control the reflection band by using molecular structures that contain a photo-active element. This is advantageous as it offers a means of controlling the structure remotely and is particularly attractive as an optical shutter component for sensor devices. One limitation, however, is that the reflection band only exists for one handedness of circularly polarized light.
Fundamentally, the central wavelength of the reflection band is determined by the pitch, p, the length scale over which the helix undergoes one complete revolution, and the average refractive index of the LC, n, through the simple equation
where n ¼ ðn jj þ n ? Þ=2, and n jj and n ? represent the refractive indices parallel and perpendicular to the local director, respectively. Consequently, the reflection band can be "tuned" by changing either the refractive index or the pitch. It is now common to induce the chiral nematic phase by mixing a nematic host with a chiral dopant. The pitch of the resultant mixture is then determined by both the helical twisting power (HTP) and concentration of the chiral dopant, which can be expressed formulaically as
where b is the HTP and c is the mole fraction. In order to "tune" the reflection band using light, a photosensitive unit must be present in either the host nematic LC structure so as to change n, 10, 11 or present in the chiral dopant, so as to alter p, 12, 13 in accordance with Eq. (1). Thus far, a number of different photo-sensitive units have been studied including azobenzenes, [12] [13] [14] [15] [16] [17] [18] fulgides, 19, 20 and chiral olefins. 21, 22 When exposed to light, these units undergo a configurational change, such as a photo-isomerization or ring opening. However, in general, most of the research has focussed on using nematic hosts or chiral dopants that consist of azobenzene chromophores, which are chosen for a number of reasons including their thermal stability. Recently, chiral nematic LCs comprising axially chiral bis(azo) structures have been developed that exhibit very large tuning ranges (>2000 nm). Tuning is achieved in these structures because of the large difference in the HTP between the trans-trans and cis-cis states resulting in a change in p and thus the reflection band in accordance with Eqs. (1) and (2) . 23 Considerable advances have been made in the field of photo-tunable chiral nematic LCs including reversible tuning across the visible spectrum 24 and photo-inversion. 25 Separate to the developments of photo-tunable chiral nematic LCs, there has also been work carried out on short pitch structures that, when sandwiched between crossed polarizers, exhibit a remarkable extinction of visible light. 26, 27 For very short-pitch chiral nematic LCs, the helical structure is effectively optically neutral for visible light and, therefore, light that is linearly polarized by the first polarizer is then blocked by the analyzer. Provided that the condition np ( k is satisfied (where k is the wavelength of incident light), it is possible to write an expression for the relative transmitted intensity, I off , between crossed polarizers as
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where Dn is the birefringence and d is the cell gap. I off is normalized to the intensity of light passing through the first polarizer. This demonstrates that the relative off-state transmittance is strongly dependent upon the pitch and that reducing p can lead to a significant reduction in I off .
In this letter, we demonstrate that by combining these short-pitch structures with photo-sensitive chiral dopants, it is possible to create an optically activated shutter for visible light. A simple illustration of the device is presented in Fig. 1 . When the sample is dominated by cis-isomers, the long-pitch of the sample ensures that light is transmitted between crossed polarizers: in this case linearly polarized light from the polarizer is converted into elliptically polarized light (wavelength dependent) when propagating along the helical structure and the amount that is passed by the analyzer depends upon the magnitude of p. Upon exposure to visible light, the cis-isomers are converted to trans-isomers, and the pitch decreases so that no light is transmitted through the crossed polarizers.
For this work, the requirements on the chiral nematic mixtures were as follows: (1) when the sample was composed of trans-isomers, the pitch should be sufficiently short such that the reflection band was below visible wavelengths and (2) the sample could be photo-driven from a transmissive state to a dark state using a range of visible wavelengths. After surveying a number of compounds, our final mixtures consisted of three separate chiral dopants: two of these were based upon chiral bis(azo) dopants and the chemical structures are shown in Fig. 2 . Both of these structures, which were synthesised in-house, are inspired by the high-HTP axially chiral dopants that were first reported by Li and coworkers. 16 1 H and 13 C nuclear magnetic resonance (NMR) measurements were carried out for both compounds to confirm the molecular structures and these results are to be presented elsewhere.
The chemical structure of compound (a) is almost identical to that reported in Ref. 16 and subsequently by White and co-workers in Ref. , where it was demonstrated that tuning ranges >2000 nm could be achieved. It is known that the addition of the long flexible alkoxy chain increases the solubility into the nematic LC host 16 and also allows for a greater degree of freedom in terms of conformation. One drawback with this compound, however, is that it cannot be readily photo-driven to its initial pre-exposed reflection state. To improve the recovery of the dark state, compound (b) was added to the mixtures. This compound consists of two terminal rigid units that are connected to the axially chiral core via ester linkages, which reduces the degrees of freedom in terms of possible conformations and increases the steric hindrance for the cis-configuration. As a result, it favours a return to a shorter pitch. It was found that to induce a sufficiently short pitch, an additional photo-insensitive compound was required (R2011, Merck KGaA). All three of these compounds are right-handed chiral dopants and therefore a right handed helicoidal structure is formed.
The absorption spectra for a mixture of two photosensitive chiral dopants dispersed into the solvent dichloromethane are presented in Fig. 3 . Spectra are shown for both the trans-trans (before exposure to ultraviolet (UV) light) and the predominantly cis-cis (after exposure to UV light) states that were recorded using a UV-vis spectrometer (Agilent 8453). For the mixture, the absorption is found to range from 200 nm to 540 nm for the trans-trans state, which is extended to 650 nm for the cis-cis state (see inset of the figure). This combined spectrum provides a broad range of visible wavelengths that can be used to induce a contraction of the helicoidal structure through a photo-conversion of the cis-trans isomers.
A range of mixtures were studied consisting of different concentrations of compounds (a) and (b) dispersed into the nematic host E7 (Merck KGaA). In addition, 7 wt. % of the chiral dopant R2011 was also added to the mixtures, which were then filled into 5 lm-thick cells that had anti-parallel rubbed polyimide alignment layers coated onto the inner surfaces of the glass substrates. As an example, Fig. 4 shows the reversible red-and blue-shifting of the reflection band using UV (k ¼ 365 nm) and visible (k ¼ 625 nm) light, respectively. In this case, the transmission spectra were recorded using right-circularly polarized light.
As shown in Fig. 4(a) , the mixture is in the trans-trans configuration and the pitch is sufficiently short such that no reflection band is observable at visible wavelengths (dashed line in the figure) . A decrease in the transmission occurs just above 400 nm due to the absorption spectrum of the chiral dopants (cf. Fig. 3 ). UV light from a light-emitting diode (LED) with a peak wavelength of k ¼ 365 nm (corresponding to the absorption peak) and a full-width at half maximum (FWHM) of Dk ¼ 10 nm was incident on the sample with a power density of 5 mW/cm 2 for a total duration of 35 s. After 10 s, the reflection band was found to shift to visible wavelengths as the pitch increased and continued to red-shift until the central wavelength of the reflection notch reached 810 nm. For this mixture, the HTP was found to vary from b > 60 lm À1 to b ¼ 30 lm À1 corresponding to the reflection band shifting from wavelengths at k c < 400 nm (p < 240 nm) to k c ¼ 810 nm (p ¼ 490 nm), respectively. Depending upon the power density, the central wavelength could be redshifted from a value of <400 to 810 nm in a matter of seconds, which is shown in Fig. 4(b) . The exact tuning range and time required for the mixture to respond were dependent upon the precise concentrations of the two chiral dopants in the nematic host, as this controlled the rate of conversion of the trans-cis isomers as well as the relaxation rates.
Using red light from an LED (k ¼ 625 nm, FWHM Dk ¼ 10 nm), which coincides with the absorption spectrum of the cis-cis isomers, it is possible to drive the reflection band back towards shorter wavelengths so as to retrieve the initial dark state, as demonstrated in Fig. 4(c) . In this example, the process is longer (Fig. 4(d) ) than the time required to unwind the structure because of the lower input power density, but the results show that the sample can be photo-driven into the dark state, and the photo-switching is reversible.
By placing the device on a light box (emission range 380 nm to 700 nm), photographs in Fig. 5(a) demonstrate how the brightness of the device can be altered when the sample is subjected to UV light so as to unwind the helix. It was found that there was very little change in the transmission in the "on" state as the sample was rotated in the plane between the crossed polarizers. This is in accordance with previous observations as it is known that for k $ p, there is little dependence of the transmission on the alignment of the director at the substrates relative to the polarizers. 28 To qualitatively account for the observed behaviour, we simulated the device using the Berreman 4 Â 4 matrix method. 29 To provide a crude indication of the brightness, we calculated the relative transmitted intensity as a function of the wavelength of incident light and integrated the area under the curves in the region 400-700 nm. It should be noted that while this is a reasonable first approximation which is suitable for a qualitative analysis, it completely ignores the photometric response of the human eye, etc. The "brightness" is plotted as a function of the central wavelength of the reflection band k c in Fig. 5(b) . The photographs and the simulated results show that (1) for values of the central wavelength of the reflection band located in the UV, the brightness between crossed polarizers is very low; (2) as k c red-shifts towards longer wavelengths, the brightness increases considerably, approaching a maximum at k c % 600 nm; (3) at larger k c , the brightness begins to reduce. Thus, there is an optimum value of k c required to produce maximum brightness of the device. Figure 5 (c) demonstrates the response of the device when it is subjected to incident laser radiation after it has been switched to a transmissive state. The data show that the device responds within a matter of seconds.
To make use of this device as an optically activated shutter, it is necessary that the sample is photo-switched between the dark-state and the state corresponding to maximum transmission, which in this case corresponds to k c being located at 600 nm. By illuminating the sample with UV light for 15 s (5 mW/cm 2 ) through a mask, Fig. 6 demonstrates how the sample can be used as an optical shutter, showing the "off" and "on" states. The contrast between the two switched states is dependent upon wavelength range of the illuminating source, the pitch values in the "on" and "off" state, and the wavelength dependence of the extinction coefficient of the polarizers. Also shown for comparison is the image recorded by the mask in reflection mode only without the use of polarizers.
In conclusion, this work has demonstrated an optically activated shutter that is formed using a photo-sensitive chiral nematic LC positioned between crossed polarizers. Such a 
